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Abstract
Polyurea crosslinked silica aerogel (PCSA) is an open pore light-weight and
topographically rich material with tunable physical and chemical properties. Because of
the unique properties of this material, and the ability to tailor the properties to specific
needs and applications, PCSA has attracted significant interest from the biophysical and
biomedical fields in recent years. Recent advances in cell biology and biophysics have
demonstrated that cells respond to their micro- and nanoscale environmental cues in the
presence and/or absence of electrical cues and stimuli. Aerogels offer a unique platform
for studying the effects of topography, substrate stiffness, and porosity on cellular
behavior individually or in combination. Furthermore, it is possible to create circuitry on
a PCSA substrate that enables the design of “smart” substrates and implants. This work
investigates the response of primed PC12 neuron analogs to external cues namely (1)
substrate stiffness, (2) topography, and (3) applied DC bias of varying strengths. The
results were compared with PC 12 cells grown on tissue culture polystyrene (TCPS)
substrates that served as the control for this study. It was found that PC12 cells grew
longer yet fewer neurites on PCSA compared to those on TCPS with and without the
applied electrical stimulation. It was also shown that in the presence of applied electric
fields, PC12 neurites grew longer towards the anode than towards the cathode on both
PCSA and TCPS surfaces. This work further contributes to our understanding of the
influence that external stimuli have on PC12 cells, and, suggests that PCSA can
potentially serve as a biomaterial to aid in nerve repair.
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Chapter 1. Introduction
1.1 Response of neurons to environmental cues
Biomaterials used in tissue engineering, scaffold fabrication, and smart
implantable devices are generally divided into two main categories: synthetic and
naturally derived materials (Mano et al., 2007), each category with its distinct features
and benefits. Advantages of naturally occurring materials over synthetic materials include
biodegradability and biocompatibility, compatible mechanical properties (similar to
natural tissues), and their physiological capabilities, to name a few. Natural materials
however offer limited versatility in designing unique and specific properties that would
be appropriate for different types of needs. Synthetic materials, on the other hand, can be
manufactured reproducibly on a large scale, and, bulk and surface properties can be
tailored, manipulated, and controlled with great precision (Rosso et al., 2005). The
integration of micro and nanoscale technologies with biology and bioengineering has led
to significant advancements in the field of tissue engineering opening up the doors for
smart implants created on specifically designed synthetic materials (Bendrea, Cianga, &
Cianga, 2011).
A comprehensive understanding of the nervous system as an entity can only be
accomplished by investigating the combination of biological, chemical, and physical
aspects of cellular functioning. For a long time, neuroscience has focused on
biochemical, molecular, biological, and electrophysiological aspects of neuronal
physiology and pathology. However, there is a growing body of evidence indicating the
importance of physical stimuli for neuronal growth and development. During neuronal
growth, growth cones navigate through a highly complex environment and, they must
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integrate a variety of signals in order to reach their target. Much is known about
biochemical guidance cues, which can be in solution or bound to a surface (T. M. Gomez
& Zheng, 2006; Tessier-Lavigne & Goodman, 1996; Wen & Zheng, 2006) . However,
given that growth cones do not exclusively respond to biochemical cues, it is important to
investigate the influence of other stimuli, such as mechanical and electrical cues, for
which there is a growing body of evidence, to further understand the biophysics of the
system.
1.2 Electrical stimulation of neurons
Electrical stimulation in the form of electric fields has been proven to influence
the behavior and response of biological systems (Borgens, Blight, & McGinnis, 1990;
Francis, Gluckman, & Schiff, 2003; Jaffe & Stern, 1979; McCaig, 1990; Patel & Poo,
1982; Yao, Shanley, Mccaig, & Zhao, 2008). Both static and pulsed studies (Blackman,
Benane, & House, 1993) have been performed. Although the exact mechanisms by which
electrical stimulation enhances nerve regeneration are not well understood, it is wellknown that electrical stimulation accelerates neurite outgrowth in vitro (Valentini, Vargo,
Gardella, & Aebischer, 1994), nerve regeneration in vivo (Aebischer, Valentini, Dario,
Domenici, & Galletti, 1987), and in some cases provides control over the direction of
growth (Yao et al., 2008). Furthermore, the role of electromagnetic fields in neurite
extension and regeneration, both in vitro and in vivo, has been investigated extensively
(Basser, 1994; Blackman et al., 1993; Schmidt, Shastri, Vacanti, & Langer, 1997; Sisken,
Kanje, Lundborg, Herbst, & Kurtz, 1989). Conductive coatings such as Polypyrole
(Kang, Borgens, & Cho, 2011), carbon nanotubes, and graphene (Fattahi, Yang, Kim, &
Abidian, 2014) have also been used for interfacing neurons with synthetic substrates and
2

devices however, in some cases, long term biocompatibility of these coatings is still
under investigation, and typically used as a coating not as the scaffold material itself.
The effects of electrical stimulation strongly depend on the time of its initiation (Tandon
et al., 2009). If applied too early, electrical stimulation inhibits the accumulation of
cardiac proteins and yields poor contractile behavior. If applied too late however,
electrical stimulation can no longer aid the functional assembly of the cells (Tandon et
al., 2009).
1.3 Biophysics of cell-substrate interaction
A better understanding of the substrate preferences of cells and axon will impact
our ability to develop more effective repair remedies for injured nervous system. Rigidity
and topography are known to inﬂuence the migration and differentiation of cells within
the nervous system, and that the mechanism by which cells sense the mechanical
properties of their surrounding is a local and dynamic process. This is under the
assumption that a constant and uniform chemical composition is maintained during the
course of the investigation (Moore & Sheetz, 2011).
1.4 PC12 Cells as neuronal analogs
PC12 are a pheochromocytoma derived from a tumor of the rat adrenal medulla
(L. A. Greene & Tischler, 1976). They exhibit a chromaffin cell like phenotype; however,
exhibit sympathetic neuron like properties after the addition of the protein nerve growth
factor (NGF). Nerve growth factor causes PC12 to reversibly differentiate neuronal
phenotype complete with long axon like extensions called neurites. The growth of the
neurites resembles that of developing peripheral neurons (L. A. Greene, Aletta,
Rukenstein, & Green, 1987). In addition to this, PC12 are capable of being pre-exposed
to NGF for a short time (usually 3-8 days); this is known as “priming” the cells. The cells
3

can be frozen in this state until used for experimentation (Rukenstein & Greene, 1983).
Upon re-plating, the cells grow long extensions within 24 hrs at a rate more similar to
embryonic chick and neonatal rodent sympathetic neurons (L. A. Greene, Burstein, &
Black, 1982).
1.5 Introduction to crosslinked aerogels
Aerogels are an attractive class of materials with tunable chemical, physical, and
surface properties that have great potential both for in vitro and in vivo applications, as
demonstrated by recent studies (Sabri, Cole, Scarbrough, & Leventis, 2011; Sabri et al.,
2012; Sabri, Cole, Scarbrough, & Leventis, 2012; Sabri et al., 2013; Sabri et al., 2014).
The biocompatibility of crosslinked silica aerogels has also been under investigation by
Yin et al (Yin et al., 2010) demonstrating its potential for use in blood implantable
devices. Aerogels were invented in the 1930s (Kistler, 1931, 1932) and consist of a pearlnecklace-like network of nanoparticles leaving more than 90% of the bulk volume empty
(Hüsing & Schubert, 1998; Pierre & Pajonk, 2002). While a variety of aerogel types have
been synthesized, the core nanoparticles of most typical aerogels consist of silica. Of
particular interest to the field of study presented in this work are the crosslinked silica
aerogels where significant mechanical strength has been imparted by crosslinking the
silica nanoparticles covalently with polymers without significant compromise of the
porosity and the low bulk density of the native material which has been discussed in
greater detail in Chapter 2. The topographically rich surface of aerogels, combined with
mechanical strength, and tunable surface properties makes crosslinked aerogels an
interesting platform for investigation of the cell-substrate interaction mechanisms and
biophysical processes dominating this interaction.

4

1.6 Research Aims
The research work presented here had two major aims and are briefly discussed
below:
1.6.1 PC-12-Aerogel Interaction
The first aim of this research was to investigate the interaction of PC12 cells with
a polyurea crosslinked silica aerogel, with specific goals: (a) establish the methodology
and processing techniques for culturing of PC12 cells on polyurea crosslinked silica
aerogels, (b) assess the integrity of the aerogel substrate after exposure to culture and
fixing conditions and, (c) characterize and examine the effects of polyurea crosslinked
silica aerogel (PCSA) substrate on neurites. Here we stimulated cells with NGF, a growth
factor essential for the survival, differentiation and functional activities of neurons in the
peripheral and central nervous system. Three different substrates were studied: (1) PCSA,
(2) Sylgard 184, and (3) tissue culture polystyrene (TCPS). The neurite length, cell
cluster size, and cell morphology and arrangement was compared between the different
surfaces. The cell adhesion and distribution was also observed by the morphologic
method after fluorescent staining.
1.6.2 PC12-Aerogel Interaction in the presence of electric field
The second aim of my research was to examine the effects of an applied DC bias
across the substrates that PC12 cells were grown on namely, TCPS,
Polydimethylsiloxane (PDMS), and PCSA. Due to time limitations, only two main
characteristics of the cells were investigated (1) neuronal length, and, (2) direction of
growth of neurites in response to the applied DC bias. To achieve this goal, a custom
device was designed and constructed for this study. The effect of the electric field on the
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Matrigel/collagen layers was also of interest and monitored. Once electrical stimulation
was achieved, the neurite length and orientation was compared with control substrates.
1.7 Thesis Outline
The work presented here has been organized in the following manner:
In Chapter 2 the concepts and mechanisms behind nerve growth, and nerve guidance via
electrical stimuli are presented. Also, the effect of surface topography on nerve response
is discussed. Finally, the synthesis and preparation of mesoporous materials is discussed
in detail. Chapter 3 discusses the materials and methods as it relates to the preparation of
the electrical stimulation devices used in this study for stimulating PC12 cells. The
materials and methods, as it relates to cell culture and preparation of PC12 cells, are
discussed in detail in Chapter 4. Cellular response to PCSA and TCPS surfaces, in the
presence and absence of electric fields, as well as a discussion on the biocompatibility of
the adhesives used for this study is presented in Chapter 5. A computational approach to
the understanding of the magnitude of the electric field experienced by the cells is
presented in Chapter 6. Chapter 7 discusses in details the impact and relevance of the
results of this study while in Chapter 8, suggestions for improvements on the current
design are offered, as well as suggestions of new experiments that would be interesting to
pursue.
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Chapter 2. Theoretical background
2.1 Nerves and neurons
The neuron is a specialized cell responsible for sending electrochemical signals
from one point to another via the action potential. Neurons are responsible for motor
function, sensory function, and even perception. Motor and sensory information
ultimately will be sent via the nerves of the peripheral nervous system. A nerve is can be
defined as a collection of peripheral neuron axons bundled together that travel a common
route (Purves et al., 2007). The neuron cell bodies reside at the proximal site, or the site
closest to the spinal column, and travel a distance to the distal site, where the axon
innervates the target tissue. A representation of this can be seen in Figure 1. As the nerve
cross section in Figure 1 shows, each neuron contains Schwann cells at on its exterior
which insulate and increase the conduction velocity of the action potential. Individual
neurons are bundled together in fascicles, surrounded by the perineurium. Fascicles are
then bundled and bound together along with blood vessels by the epineurium (Purves et
al., 2007).

Figure 1. Anatomy of a nerve. Representation of a stemming at the spinal cord and nerve
innervating various muscles in the leg. Selection in red shows a close up cross-sectional area of
a nerve highlighting its major components. Source: (Purves et al., 2007)
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2.1.1 Nerve growth
A growing neuron establishes what is known as a growth cone, which is
responsible for leading the growth of the axon based on environmental cues. A growth
cone consists of actin filaments which polymerize and depolymerize as they feel the
environment around them. As the axon grows, filopodia consisting of actin filaments
depolymerize on the proximal end of the growth cone, freeing the actin monomers to
polymerize on the distal end thus continuing the growth of the axon. Following behind
the actin filaments, microtubules grow into the growth cone allowing for transport of
vesicles and organelles. Axon branching can occur at any point of the growing axon or
diverge from the growth cone itself. This branching continues until the growing axon
reaches a receptor, at which point, the other branching neurites degenerate in a process
called axonal pruning. If a receptor is not reached, the branching continues in a
disorganized manner forming a painful lump known as a neuroma (Grinsell & Keating,
2014).
2.1.2 Growth cone
Axon guidance begins at the growth cone. The growth cone responds to stimuli by
attractive or repulsive means. An attractive stimulus inhibits actin depolymerization of
actin filaments orientated towards the stimuli at the distal end while a negative stimulus
promotes actin depolymerization of the actin filaments orientated towards the stimuli. It
is thought that this is mediated through actin stabilizing and actin destabilizing proteins
which contribute to filopodia elongation or shrinkage, respectively (Franze & Guck,
2010).
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2.1.3 Nerve response to trauma in-vitro
Peripheral nerves can regenerate without assistance to a degree in-vivo. Provided
the intervening gap is small, axons from the proximal nerve stump grow until they enter
the distal nerve stump. This is in part mediated by Schwann cells that release chemotactic
factors. Peripheral nerve injury elicits macrophages, Schwann cells, and phagocytes to
first clear the nerve stump of debris. Once the debris in cleared, growth cones are formed
on the proximal stump allowing the nerve to grow. The axons of the distal segment begin
to degenerate in a process known as Wallerian degeneration. Although the distal axon
remnants degenerate, they leave behind the endoneurium, which is lined with Schwann
cells. These Schwann cells serve to protect the endoneurial tube as well as help guide the
growth cone on the proximal stump via neurotrophic factors (Grinsell & Keating, 2014).
2.2 Current Methods in nerve repair
2.2.1 Epineurial suture
Epineurial sutures are considered the gold standard when it comes to nerve repair
(Grinsell & Keating, 2014). It involves the suturing of the epineurium of the proximal
and distal nerve stumps. It is performed when the proximal and distal ends of a severed
nerve can be connected with no tension. A skilled surgeon is required as the two nerve
stumps cannot simply be sutured in any orientation.
2.2.2 Nerve graft
When the nerve stumps cannot be connected without tension, a nerve graft may be
required. A nerve graft is a procedure where a nerve from a donor site is extracted and reimplanted at the site of injury.
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2.2.3 Nerve conduit
A nerve conduit provides physical guidance for a growing nerve, giving it only
one route to take. It is usually in the form of a hollow tube made of collagen or silicone.
2.3 Response to electric fields
Neuronal galvanotropism is a field of research in which there is much debate. The
truth of the matter is that the mechanism behind neuronal guidance is still a mystery;
however, there are some prevailing theories. One of the most accepted, but far from
complete, theories is that of membrane protein and receptor “lateral electrophoresis”.
That is, the migration of membrane proteins and receptors in response to external electric
fields (McCaig, 1989; Palmer, Messerli, & Robinson, 2000). Adding another facet to this
theory is the response of cell lines to gradients to various proteins. It has been shown that
PC12 neurites prefer to grow up a concentration gradient of NGF (Cao & Shoichet,
2001). This could potentially be explained by the increase in or reorientation of NGF
receptors in response to the gradient.
2.3.1 In-vitro studies
Response to an externally applied electric field varies depending on the cell type.
PC12 respond with a by growing increasingly longer extensions toward the anode with
increasing field strength from 0-100mV/mm. Although there was a bias towards the
anode, a turning behavior of neurites was not noticed at any field strength (Cork,
McGinnis, Tsai, & Robinson, 1994). Dorsal root ganglia (DRG) exhibited a similar
elongation of neurites in an applied electric field; however, DRG neurites grew longer
towards the cathode and exhibited no turning behavior (Jaffe & Poo, 1979). Embryonic
Xenopus laevis perhaps show the most remarkable response to an applied electric field by

15

not only showing an increased growth rate towards the cathode, but also by turning in the
direction of the cathode in a galvantropic response (Patel & Poo, 1982).
2.3.2 In-vivo studies
In the time required for a nerve to fully heal, detrimental effects may occur to the
de-innervated muscles and tissues; therefore, it is essential to heal a nerve in a timely
fashion. Electrical stimulation to nerves in live animals has shown to be beneficial in
increasing growth rates and improving connectivity (Grinsell & Keating, 2014).
2.4 In-vitro cell response to surface topography
Biological tissues in-vivo contain a variety of topographical features ranging from
the nano to the micro meter scale. Therefore, it is not unintuitive that cell behavior is
reportedly influenced by topographic cues. Some documented behaviors influenced by
topographical cues include adhesion, differentiation, morphology, migration, and gene
expression. Response to various topographies is cell type dependent; therefore, for
brevity this work focuses on neuronal cell types. The various surfaces will be broken into
two categories: micro- and nano-fabricated and stochastically roughened.
2.4.1 Micro- and nano-fabricated surfaces
As early as 1912, it was noticed that varying the growth surface influenced the
migration and morphology of various cells (Harrison, 1912). However, it was not until
relatively recently that cellular response to fabricated surfaces such as anisotropic
grooves and isotropic nanopillars gained attention. This research provided a new
understanding of how cells in-vivo interact with their surroundings in that not only do
cells interact via chemical cues but also physical. One area with potentially huge
implications is nerve regeneration and repair. PC12, dorsal root ganglia (DRG), as well as
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several types of sensory and central nervous system neurons have been studied
extensively on various fabricated surfaces with features ranging from the micro to the
nano scale. Many neuronal cell lines have exhibited a tropic response to anisotropic
grooved surfaces which increases with groove depth. For example, it was shown that
DRG neurons were restricted to either growing in grooves or on top of plateaus with
increasing plateau height and would even turn in response to reaching the edge of the
plateau (Miller, Jeftinija, & Mallapragada, 2002). Another study showed that this tropic
behavior may also depend on the angle between the growing neurite and the imminent
edge. Murine embryonic cortical neurons tended to cross the gap to the next plateau if the
incident angle was close to 90° (Li & Folch, 2005).
Another fabricated surface topography studied extensively is that of isotropic
micro- and nanopillars. Response to pillars is highly cell dependent; however, in a
majority of cell lines adhesion, morphology, as well as cytoskeletal structure are altered
(Hoffman-Kim, Mitchel, & Bellamkonda, 2010). PC12 cells grown on nanopillars and
nanopores were more abundant, however, expressed a more rounded shape with neurites
that are shorter and less dense than those grown on glass coverslips (Haq, Anandan,
Keith, & Zhang, 2007). Hippocampal neurons grown on 1µm diameter micropillars
exhibited directed neurite outgrowth by spanning the smallest distance between pillars at
either 0 or ± 90° (N. Gomez, Lu, Chen, & Schmidt, 2007).
2.4.2 Stochastically roughened surfaces
The majority research of cellular response to surface topographies has been done
with fabricated surfaces with isotropic or anisotropic features. Another type of
topography which was only recently explored was that of stochastically roughened
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surfaces. It is thought that stochastically rough surfaces can better mimic ECM and even
the presence of astrocytes (Blumenthal, Hermanson, Heimrich, & Shastri, 2014). PC12
cells and hippocampal neurons were grown on silica nanoparticles of various sizes
ranging from 3.5 to 70nm in diameter. It was found that both cell types had a differential
response depending on nanoparticle size. Nanoparticles with a 32nm diameter caused
PC12 cells to extend fewer, yet longer neurites, form less clusters, and exhibit a peak in
acetylcholinesterase activity. Hippocampal neurons co-cultured with astrocytes
responded similarly in that neurites were more prominent. More remarkably, the
hippocampal neurons grown on the 32nm diameter nanoparticles did not require the
presence of the astrocytes for survival. Hippocampal neurons grown on nanoparticles
with diameters above and below 32nm were found to preferentially grow with the
astrocytes (Blumenthal et al., 2014).
2.4.3 Mechanism of cell adhesion
Cells adhere to extra cellular matrix (ECM) via an interaction between focal
adhesions and the proteins that make up the ECM. Focal adhesions are assemblies of
proteins, made up largely of integrins, which serve as a linkage between the intracellular
cytoskeleton and the extracellular substrate. Not only do focal adhesions anchor the cell
to the ECM, but they also provide information to the cell about the substrate via signal
transduction consequently affecting transcription and ultimately cellular behavior (Franze
& Guck, 2010).
2.5 Fluorescence and fluorophores
One such method common used in microscopy is fluorescence microscopy.
Fluorescence microscopy typically involves a fluorophore chemically linked to a
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macromolecule with an affinity for a specific structure. The attached fluorophore emits a
particular wavelength of light which can be seen with a fluorescence microscope. The
wavelength viewed is dependent of the fluorophore used. For example, in
immunofluorescence, a fluorophore is conjugated to an antibody specific for a particular
protein or macromolecule. Figure 2d shows an example of how several fluorophores can
be used at once to reveal different structures. Fluorophores work by absorbing light
energy of a specific wavelength and re-emitting it a longer wavelength, which can be
seen in Figure 2c.
An incoming photon of a particular wavelength hits an electron on the
fluorophore, giving it enough energy to jump to an excited state (Figure 2a). Because this
excited state is not energetically favorable, the electron returns back to the ground state,
releasing a photon in the process. The wavelength of the photon is dependent of the
energy required to excite the electron into the excited state. The energy required to excite
an electron bound in a sigma bond usually is higher than the energy required to break the
bond (and therefore the molecule) itself (Guilbault, 1990). Other compounds may exhibit
fluorescence; however, their emission peak may not be small or in a region with no
practical use. The electrons involved in π-bonds of aromatic compounds require less
energy to excite. In addition, the excitation and emission spectra peak in the UV.
However, the excitation and emission peak can be altered by the addition of aromatic
rings, arrangement of the rings, and by the addition of various functional groups such as
amines and carbonyls. By changing these variables, different emission peaks in the color
spectrum can be achieved (Lakowicz, 2013) as shown in Figure 2b.
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Figure 2. Flourescence. (a) Diagram showing absorption and emission of photons. (b)
Structures of various fluorophores. (c) Absorption and emission spectra of DAPI. (d)
Immunofluorescence staining of U87 astrocytoma cells expressing intermediate filament protein
synemin (green), vimentin (red). The nucleus has been stained with DAPI (blue). (a,b,c) Credit:
(Lakowicz, 2013) (d) Credit: M. Paul and O. Skalli, Integrated Microscopy Center, University of
Memphis.

2.6 Mesoporous materials: Aerogels
2.6.1 Chemistry
Aerogel is a porous material derived from a gel, where the liquid component has
been replaced by air leaving behind the complex, cross-linked network that gives the gel
its solid structure (Kistler, 1931, 1932). Silica aerogels are synthesized from the sol-gel
process in which a solution of silica alkoxide monomers, typically tetramethoxysilane
(TMOS) or tetraethoxysilane (TEOS), are mixed with water, an alcohol, and a catalyst.
The water hydrolyzes the silicon alkoxide monomers giving them each multiple silanol
groups leaving behind an alcohol byproduct (dependent on the alkoxide used). The

20

silanol groups then react with one another via condensation reactions forming clusters of
silicon dioxide, known as silica nanoparticles. The colloid of silica nanoparticles grow in
size and connect to other nanoparticles growing throughout the solution until the reaction
is complete, leaving behind a vast silica dioxide network in an alcohol solution, known as
a gel. The resulting gel is porous in nature with pore sizes ranging from 5 to 250 nm,
depending on the chemistry (Brinker & Scherer, 2013).
2.6.2 Mechanical properties porous materials
Porous materials are commonly described by their porosity and pore size; together
the two give a detailed description of the material in question. Porosity is a ratio between
the void volume and the total volume given by
𝑉

𝜙 = 𝑉𝑣 ,
𝑇

and is a value between 0 and 1. Pore size refers to the diameter of the pore. In the case of
aerogels, porosity and pore size are affected mainly by the chemical composition and
drying process (Aegerter, Leventis, & Koebel, 2011).
The macroscopic physical behavior of porous materials is dependent on the
microstructural geometry as well as the chemical makeup. In literature, mechanical
behavior is tested via methods such as three point bending and uniaxial compression. The
results from which can be used to find mechanical stress, strain, and young’s modulus.
Mechanical stress 𝜎 can be described as internal forces of particles interacting
with each other in response to an outside applied force where the strain 𝜀 is the material’s
geometrical response to the applied force. The simplest forms of stress and strain are
written as
𝐹

𝜎=𝐴

𝜀=
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𝛥𝐿
𝐿

,

where F is the applied load, A is the cross sectional area of the test sample to which the
load is applied, L is the original length of the sample, and 𝛥𝐿 is the change in length of
the sample. Depending on the testing method used, modified versions for 𝜎 and 𝜀 will be
used. Young’s modulus E is given by the ratio of stress and strain given by
𝐸=

𝜎
𝜀

and is a measure of stiffness of the material. Therefore, the higher Young’s modulus, the
more force is needed to deform the object.
The elastic and brittle mechanical behavior of silica aerogel can be attributed to
its porosity, pore size and silanol content (Woignier et al., 2015). The pores can be
considered as flaws in the material; therefore the elastic and mechanical properties are
dependent on the load bearing fraction of solid and thus the bulk density (Woignier et al.,
2015). It has been shown that with a decrease in pore size there is a corresponding
increase in young’s modulus as well as rupture modulus.
The fragile nature of native silica aerogels is due to the weak links connecting
silica nanoparticles. Aerogels can be strengthened considerably by the addition of a
crosslinker during synthesis. This is typically done by the addition of an isocyanate
crosslinker such as Desmodur which creates a mechanically strong material which is
significantly less hygroscopic and as a result can be used for a variety of applications.
The crosslinker is taken up by the aerogel and chemically links the silica nanoparticles
with a polymer coating. The crosslinker increases the bulk density by three times;
however, gain strength by 300 times (Leventis, Sotiriou-Leventis, Zhang, & Rawashdeh,
2002).
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2.6.3 Supercritical drying
From the gel phase, the end result depends on the drying process used. Xerogels
are formed from letting the alcohol evaporate; the surface tension causing the gel to
shrink considerably resulting in pore sizes less than 10 nm. The effect of surface tension
on a substrate can be demonstrated by examining the pressure on a surface due to a fluid
in a capillary, which can be written as
𝑃𝑐𝑎𝑝 =

−2𝛾cosθ
𝑟

,

where γ is the surface tension, θ is the contact angle, and r is the radius of the capillary
(Brinker & Scherer, 2013). Because the pressure in inversely proportional to the radius of
the capillary, the smaller the radius equates to an increased pressure on the walls of the
capillary. Similarly, due to the nanometer scale pore size, aerogels are subjected to a
large force per unit area on the interior. To synthesize an aerogel means avoiding the
effects of surface tension during drying. This is achieved by a process known as critical
point drying (CDP).
In aerogel synthesis, critical point drying is often achieved by replacing the
alcohol with carbon dioxide in a pressurized chamber, and increasing the temperature
(and therefore the pressure) inside a pressurized vessel until the carbon dioxide undergoes
a phase transition to a supercritical fluid (SCF). Figure 3 shows a phase diagram for CO2.
The resulting super critical fluid acquires characteristics that of a gas and a liquid. The
carbon dioxide exhibits no surface tension and can be removed without damaging the
silica gel structure (Tewari, Hunt, & Lofftus, 1985).
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Figure 3. Phase diagram for CO2. Super critical CO2 is used
to dry silica aerogels without damaging the silica backbone.
Figure property of Kyle Lynch.

2.7 Electrical device in ionic aqueous environment
2.7.1 Polar nature of water
The electrons in a water molecule tend to cluster around oxygen more than they
do the hydrogen, resulting in a molecule which is partially negative near the oxygen atom
and partially positive near the hydrogen atoms (Griffiths & Reed College, 1999). A
molecule of such nature is said to be polar. Because the water molecule is polar, it
exhibits an electric dipole moment 𝑝⃑ which is defined a vector pointing from the negative
charge to the positive charge with a magnitude 𝑝 = 𝑞𝑑, where q is the charge and d is the
distance between the charges. Because of this electric dipole moment, the water molecule
can respond to externally applied electric fields. As shown in Figure 4, an applied EF
induces a net torque on the water molecule given by
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𝜏⃑ = 𝑝⃑ × 𝐸⃑⃑ ,
which causes the water molecule to rotate until 𝑝⃑ aligns with 𝐸⃑⃑ (Griffiths & Reed
College, 1999).

Figure 4. Water molecule before and after EF
stimulation. (a) EF induces a net torque pointed into
the page on the water molecule. (b) The EF causes
the electric dipole vector 𝑝⃑ to align with 𝐸⃑⃑ . Figures
(a) and (b) property of Kyle Lynch.

2.7.2 Reduction of EF strength
Dielectrics are often defined as materials whose electrons are not free to roam
about the material; but rather are confined to their constituent atoms or molecules
(Griffiths & Reed College, 1999). Upon application of an external electric field to a
dielectric material, the protons and electrons of the material polarize, that is, a separation
of the positive protons and negative electrons. This induces an electric field within the
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material that opposes the externally applied field resulting in a reduced net EF inside of
the electric field. Figure 5 shows a representation of the effects of an applied electric field
on a dielectric.

Figure 5. Electric field stimulation of a dielectric. Dielectric (a) before and (b) after the
application of an externally applied electric field 𝐸⃑⃑ . Figures (a) and (b) property of Kyle Lynch.

Likewise, polar molecules such as water can behave as dielectrics. As discussed
in 2.7.1, an externally applied EF can induce a net torque on water molecules. Figure 6
shows an externally applied EF on a collection of water molecules. Before the field is
applied, the water molecules are oriented randomly and therefore the net electric field
sums to zero (Figure 6a). When the field is applied, the water molecules align, inducing a
second EF, 𝐸⃑⃑𝑤 , that opposes the applied field, resulting in a reduced net EF within the
water (Figure 6b). Because of water’s large electric dipole moment, it has a large relative
permittivity (Griffiths & Reed College, 1999).
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Figure 6. Electric field through liquid water. (a)
Water molecules before applying an external EF; the
sum of each molecule’s electric field contribution is
equal to zero. (b) Upon application of an external EF,
the water molecules rotate such that they induce an
electric field 𝐸⃑⃑𝑤 which opposes the external field 𝐸⃑⃑
resulting in a weaker net EF. Figures (a) and (b)
property of Kyle Lynch.

2.7.3 Ionic contribution to the dielectric properties (permittivity) aqueous solutions
Although pure water has a large relative permittivity due to its polar nature, most
water contains dissolved ions. The effect of temperature and salinity on relative
permittivity of water has been well studied (Gavish & Promislow, 2012; Hasted, Ritson,
& Collie, 1948). Ions in the saline solution decrease the relative permittivity of water, and
thus decrease its properties as a dielectric (Figure 7a). This decrease in the relative
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permittivity is due to the water molecules re-orientating due to the presence of ions and
therefore not contributing to 𝐸⃑⃑𝑤 as shown in Figure 7b.

Figure 7. Effect of salinity on an aqueous solution. (a) Decrease in relative permittivity as
salinity increases. (b) As salinity increases, 𝐸⃑⃑𝑤 decreases, making it easier for the applied field
𝐸⃑⃑ to penetrate the solution. (a) Credit: (Gavish & Promislow, 2012). Figure (b) property of
Kyle Lynch.
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Chapter 3. Aerogel Synthesis and Stimulation Device Fabrication
3.1 Synthesis of polyurea crosslinked silica aerogel (PCSA) substrates
For crosslinked silica aerogel synthesis, 8.75 mL methanol was added to 1.5 mL
deionized (DI) water. To the methanol (Sigma Aldrich) and DI water mixture, 3.85 mL
tetramethyl orthosilicate (TMOS) (Sigma Aldrich) and 0.25 mL (3-Aminopropyl)
triethoxysilane (APTES) (Sigma Aldrich) were added simultaneously. The mixture was
then stirred for 15 sec after which the mixture was poured into molds and allowed to
cure. After curing, samples were allowed to sit in methanol for 12-24 hrs. Samples were
then subjected to a 4 day acetonitrile bath with acetonitrile exchanges every 24 hrs. To
cross-link the samples, samples were transferred to a bath containing 33g of Desmodur
(Bayer) and 94 mL of acetonitrile (Sigma Aldrich) and allowed to soak for 24 hrs.
Samples were then transferred back to pure acetonitrile and allowed to sit in a 70°C oven
for 3 days. Samples were then subjected to 4 more days of acetonitrile baths with
exchanges every 24 hrs. Samples were then dried via critical point drying (CPD). CPD
was done by first taking the wet gels from acetonitrile and placing them into an
aluminum boat containing acetone. The aluminum boat containing the wet gels was then
placed in an E3100 critical point dryer (Quorum Technologies) shown in Figure 1b. The
acetonitrile and acetone was then replaced with liquid carbon dioxide with a series of
flushes over a span of 4 hours at 17°C. Once all acetonitrile and acetone was flashed from
the system, the water jacket was set to 40°C. After approximately 30 min, the carbon
dioxide underwent a phase change to supercritical at approximately 31°C and 1100 psi.
Figure 1a shows a 5 cm diameter aerogel disk after CPD. After complete drying of
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aerogel disks, each disc was cut into the desired shape and size (8x5mm or 8x8mm) by
means of a Dremel tool and a metal file.

Figure 1. Aerogel Synthesis. (a) Polyurea crosslinked silica aerogel (PCSA) disk after
synthesis and before cutting to working size. (b) E3100 critical point dryer (CPD) used to dry
aerogel samples.

3.2 Polydimethylsiloxane substrate preparation
Sylgard 184 (Dow Corning), a two-part polymer, was prepared by adding the base
to the crosslinking agent in a 10:1 ratio, as recommended by the manufacturer. The
mixture was then outgassed under vacuum (Cascade Tek). This was either poured in a
flat aluminum dish for creating flat samples or pour over the electrical devices for
encapsulation of the electrodes. Dishes or samples were placed in a Cascade Tek TVO-2
oven at 100°C for a minimum of 1hr, respectively.
3.3 Immobilization of aerogel substrates
The PCSA substrates synthesized and used in this study have densities in the
range of 0.4-0.6g/cm3 which corresponds to literature which uses a similar recipe (Sabri
et al., 2012), and as a result float in an aqueous environment. In order to plate and
differentiate PC12 cells on aerogels, it was necessary to immobilize the sample and attach
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the substrates to the bottom of the petri dishes. For this, a type of RTV silicone glue was
selected. Permatex 80050 was tested for its biocompatibility and its ability to withstand
up to at least 2 wks exposure in an aqueous environment. The glue was applied to the
bottom of PCSA sample and pressed to the bottom of a petri dish. The silicone glue was
then allowed to cure for 24 hrs before use. To test the biocompatibility, a bead of
adhesive was placed on a glass coverslip and allowed to cure before being placed in a
Matrigel coated petri dish containing PC12-C41 and 50ng/ml NGF. The cells were
monitored for 2 wks in the presence of the adhesive and their behavior and response was
compared to a second dish containing no adhesive, serving as a control.
3.4 Compression studies
In order to asses and understand the effect of the sterilization and incubation
conditions on the mechanical properties of the aerogel substrates, compression studies
were performed after sterilization and incubation steps. The PCSA samples were doused
with ethanol followed by a 30 min exposure to UV for sterilization. A PCSA sample was
then placed in RPMI 1640 cell culture medium and placed in cell culture conditions in an
incubator for 1 day. Both the wet and a control PCSA were compressed by the use of an
ESM303 uniaxial tester (Mark-10) by compression with a M5-20 force gauge (Mark-10)
at a rate of 0.5mm/min and resolutions of 0.02mm and 0.02N, respectively.
3.5 Electrical stimulation device design and fabrication
3.5.1 Final design
The design used for PC12 electrical stimulation experiments begins with
fabrication of the electrodes. Rectangular copper pieces of dimensions 1.5 x 0.8 cm were
cut from a larger copper sheet. 30AWG enameled magnet wire was attached to the
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copper electrodes with a carbon conductive paste (Ted Pella) as shown in Figure 2a.
After a 24hr curing period, the electrodes with attached wires were glued to either a
PCSA or tissue culture polystyrene (TCPS) pre-cut substrate with silicone glue as shown
in Figure 2b and allowed to cure for another 24hrs. The devices were then placed in a
3.5cm diameter petri dish and a 5mm thick, 3.4cm long block of glass (made from gluing
five 1mm thick microscope slides together and shaped with a nail file) was placed in
between the electrodes and on top of the PCSA or TCPS sample as shown in Figure 2c.
Approximately 10g of Sylgard 184 was poured into the petri dish in order to completely
submerge the device. After a brief outgassing step to remove unwanted air bubbles, the
petri dish containing the device(s) was (were) placed in a Cascade Tek TVO-2 oven prewarmed to 70°C and allowed to cure for a minimum time of 1hr. After curing, the device
was pulled out of the petri dish, and the glass block removed giving the appearance in
Figure 2d, where the channel down the center is created from removing the glass. The
excess Sylgard 184 is then removed with a blade giving the appearance in Figure 2e. The
device was then glued to the bottom of the petri dish of choice with the silicone glue used
in prior steps as shown in Figure 2f. After yet another 24hr cure, the completed device
was prepared for cell culture described in Chapter 4.
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Figure 2. In-vitro electrical device fabrication. (a) Construction of copper electrodes. (b)
Copper electrodes being attached to an aerogel sample with silicone glue. (c) Substrate with
electrodes placed in a petri dish and glass block placed between electrodes. (d) Aerogel and
electrodes immediately after curing of Sylgard 184 encapsulant. (e) Completed device with
aerogel substrate inside with exposed surface for cell attachment. (f) Device glued into a 3.5cm
diameter petri dish ready for cell culture.

3.5.2 Prototypes
The initial in-vitro electrical devices were designed to accommodate tissue culture
polystyrene (TCPS) dish in order to observe PC12 cell growth during electrical
stimulation as a proof of concept. Before the design used for experiments was finalized,
several prototype design attempts were made. The first design consisted of a 3.5cm
length by 5mm wide channel made of Sylgard 184 with an 8x5mm cut portion of TCPS
dish embedded in the bottom as shown in Figure 3a. The ends were sealed to the inside
walls of a 3.5cm petri dish with a silicone glue, isolating the channel. Problems with this
design included leaking of cell growth medium (shown in Figure 3b) as well as problems
fixing and staining the cells after an experiment; the channel seemed to increase the shear
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velocity of the fixative and washing solution over the sample and cause increased loss of
neurites.
A modification was attempted to this design which involved the cutting and
removal a 5x5mm square portion of petri dish containing the device beneath the cell
growth area for easy viewing via phase contrast microscopy; however, the window ended
up leaking and the idea was abandoned (not shown).

Figure 3. First Prototype. (a) First electrical design consisting of a Sylgard 184 encapsulant
with a 3.5cm channel that contains the substrate. (b) The channel filled with medium leaked
into the petri dish. Arrows indicate where the sides of the device were glued to the petri dish
which resulted in leaking.

A second design was attempted which involved heating the copper electrodes and
melting them through the bottom of a petri dish and insulating them in a 2 part Sylgard
184 curing. The wires then adhered to the electrodes on the underside of the petri dish
(shown in Figure 4b) as indicated by the arrow, leaving only a 5mm wide well inside the
petri dish (shown in Figure 4a). A rectangular segment of the Sylgard 184 on the bottom
of the dish was cut out exposing the TCPS (Figure 4c). This was done to allow easy
viewing with a phase contrast microscope for preliminary studies. A major flaw in this
design was that the Sylgard 184 used does not bond to TCPS. Through capillary action
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the cell growth medium would creep under the Sylgard 184 and up the petri dish walls.
The flaws coupled with the convoluted construction resulted in pursuit of another design.

Figure 4. Second Prototype. (a) A top view of the second major design showing the Sylgard
184 well for cell culture. (b) A side view showing how the copper electrodes through the floor
of the petri dish with the wires attached beneath the petri dish. (c) A bottom view showing a
viewing window (red arrow) made from removing a rectangular piece of Sylgard 184.
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Chapter 4. Cell Culture Techniques and Methods
4.1 PC12 and PC12-C41 cells culture conditions
A clone of rat PC12 pheochromocytoma cells, PC12-C41 cells were obtained
from CH3 BioSystems LLC, NY. PC12 cells were obtained from the American Type
Culture Collection (ATCC), VA. Both PC12-C41 and PC12 cells were cultured in RPMI
1640 with GlutaMAX (Life Technologies, CA) supplemented with 10% heat-inactivated
horse serum,5% fetal bovine serum, and 50µg/ml penicillin/streptomycin (complete
medium)(L. A. Greene et al., 1987). Medium was changed every 2-3 days while the
cultures were maintained in a 5% CO2 incubator at 37°C. Cell seeding densities of 1x104
cells/cm2 to 5x104 cells/cm2 were tested on Matrigel (Becton Dickinson/Corning). A final
seeding density range of 1-1.5x104 cells/cm2 was found to give optimal results as this
density allowed adequate spacing between cells and cell clusters conducive for neurite
length measurements. The cells were designated as received at passage 1 and used at
passage 2-3.
PC12-C41 were reported to grow longer and more plentiful neurites in a shorter
period of time (Teng et al., 1993), which made them ideal for research purposes.
However, it was noticed that the cells were not behaving as described in literature. The
cells were sluggish in terms of neurite growth, taking 2wks to grow neurites of
appreciable length. In addition to this, only a low percentage of the cells would
differentiate; a large portion of the cell population even seemed to respond to NGF as a
mitogen, with increased proliferation. The cells would form very large clusters in the
span of 2 wks that were non-responsive to NGF. PC12 from ATCC however, grew long
extensions and after 7 days in NGF, nearly all cells had differentiated. Figure 1 shows a
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side-by-side comparison of PC12-C41 purchased from CH3 Biosystems and PC12 cells
purchased from ATCC after 7 days treatment of NGF on collagen coated tissue culture
polystyrene petri dishes. Arrows point to neurites on PC12 (Figure1b) which are not
present on PC12-C41 (Figure 1a). For these reasons use of PC12-C41 halted and research
continued with PC12 from ATCC.

Figure 1. Comparison of PC12-C41 and PC12 cells. Both PC12-C41 and PC12 were grown in the
presence of NGF for 7 days on collagen coated tissue culture polystyrene. (a) PC12-C41 formed large
aggregated clusters that would quickly take over the petri dish not differentiate in response to NGF.
(b) Nearly all PC12 cells and clusters differentiated and contained long processes after the 7 day
treatment of NGF as highlighted by the red arrows.

4.2 Priming of PC12
Prior experiments, PC12 were “primed” by pre-exposing the cells to 50ng/ml
NGF (EMD Millipore, MA) for 8 days in low serum medium (RPMI 1640 supplemented
with GlutaMax, HEPES buffer, 1% horse serum, and penicillin/streptomycin) in a
collagen coated TCPS petri dish with medium and NGF changes every 2-3 days. After 8
days, the cells harvested from the dish, centrifuged at 550RPM, and frozen (Rukenstein
& Greene, 1983) until used for experiments. PC12 cell clusters were broken into single
40

cells and smaller clusters by passing them through a 22G needle. PC12-C41 were primed
for 2 wks in an uncoated tissue culture polystyrene petri dish and used immediate for
experiments.
4.3 Attachment of PC 12 cells to substrates
4.3.1 Matrigel coating
Prior to the coating of substrates with Matrigel (Becton Dickinson/Corning), the
aerogel and polystyrene substrates were sterilized by a 10 second submersion in ethanol
followed by exposure to ultraviolet (UV) for 1 hr. Matrigel was thawed on ice in a 4°C
refrigerator before being diluted to a concentration of 1mg/ml in serum-free RPMI 1640
while still on ice. Using pre-cooled pipettes, the diluted Matrigel solution was pipetted
onto the substrate and spread manually with a pipette tip to cover a pre-determined area.
This allowed us to achieve a protein density of 100µg/cm2 as recommended by the
manufacturer. For example, 25µL of diluted Matrigel would be added to a 25mm2
sample. After letting sit for 1 hr the unbound material was aspirated and substrates were
washed with serum-free RPMI1640 once. All steps were performed in an aseptic
environment. The samples were then submerged in medium and incubated until used.
4.3.2 Collagen coating
5x5mm, 8x5mm, or 8x8mm PCSA and TCPS samples either freestanding or
embedded in an in-vitro electrical device were sterilized by a brief submersion in ethanol
followed by 1 hr exposure to UV. Rat tail collagen (Invitrogen) was diluted to a
concentration of 0.05mg/ml in 20mM acetic acid. Sufficient collagen was then added to
samples to acquire a protein density of 4µg/cm2 (L. Greene, Farinelli, Cunningham, &
Park, 1998). For example, a 3.5cm petri dish with a growth surface area of 9.62cm2
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requires 769.69µL on diluted collagen (12.82µL of concentrated collagen and 756.86µL
of 20mM acetic acid). After the diluted collagen was placed and spread, the samples were
allowed to sit for 1 hr in a cell culture hood. The remaining collagen was then aspirated,
and samples were rinsed twice with serum free RPMI 1640.
4.3.3 Pre-coated substrates
It is well documented that PC12 cells do not adhere to surfaces without an
extracellular matrix (ECM) or surface treatment; therefore it was necessary to try various
coated surfaces for future studies. Prior to coating our own samples with ECM, precoated collagen coverslips (Becton Dickinson/Corning) and pre-coated Matrigel (Becton
Dickinson/Corning) petri dishes were explored. After plating PC12-C41 cells on the
collagen pre-coated coverslips, it was noticed that the cells only weakly adhered to the
surface and did not extend neurites upon treatment with NGF. Literature suggests (L. A.
Greene et al., 1987) that the collagen protein density was insufficient and not conducive
for neurite growth. For this reason, alternative ECM proteins were sought.
Matrigel was explored for its mix of ECM proteins that better mimics conditions
in vivo (Kam, Guess, Estrada, Weidow, & Quaranta, 2008). The pre-coated dishes, which
contained 100µg/cm2 protein, were used for initial cell density studies, adhesive
biocompatibility studies, as well as learning basic cell culture techniques. PC12-C41
plated on Matrigel responded well by attaching and differentiating in response to NGF.
For this reason, Matrigel was initially chosen to continue studies with PCSA, Sylgard
184, and TCPS. Although the dishes worked well, PCSA and Sylgard 184 samples coated
with ECM were needed. Therefore, it was necessary to move away from the pre-coated
dishes and start coating our own samples.
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4.4 Effects of surface topography on PC12-C41
PC12-C41 cells primed for 14 days were taken directly from culture and spun at
800RPM for 5 mins. The cells were triturated extensively in attempt to break up the large
clusters. Cells were seeded onto Matrigel coated aerogel disks and 35mm tissue culture
polystyrene petri dishes (control) in low serum medium supplemented with 50ng/ml
NGF. Cell growth and process development were monitored by means of a Nikon Eclipse
TS100 microscope for 24 hrs before fixing and staining for fluorescence microscopy.
4.5 Effects of surface topography on PC12
PC12 (ATCC) cells primed for 8 days were thawed and spun at 550RPM for 5
mins. The cells were then reconstituted in pre-warmed low serum medium followed by
passing them through a 22G needle to break up the clusters; this yielded mostly single
cells and clusters of no more than 5 cells per cluster. The cells were triturated extensively
in attempt to break up the large clusters. Cells were then seeded onto collagen coated
aerogel samples and 35mm tissue culture polystyrene petri dishes (control) in low serum
medium supplemented with 50ng/ml NGF. Cell growth and process development were
monitored by means of a Nikon Eclipse TS100 microscope for 24 hrs before fixing for
scanning electron microscopy.
4.6 Immunofluorescence studies
Cells and substrates were fixed for 5 min in a 4% formaldehyde (Tousimis, MD)
in phosphate buffered saline (PBS) bath followed by three 5 min washes in PBS. Cells
were then permeabilized with 0.1% NP-40 (EMD Millipore, Massachusetts) in PBS
followed by another 5 min wash in PBS. F-actin was stained with Alexa Fluor 488 or 546
conjugated phalloidin (Molecular probes Inc, NY) at a dilution of 1/100 for 30 min.
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Samples were then mounted to a glass coverslip with a mounting medium containing the
nuclear stain DAPI (Life Technologies, CA). Mounted substrates were allowed to sit at
room temperature for 24 hrs or until completely dry. Cells and substrates were
subsequently imaged using a Nikon A1 confocal microscope.
4.7 Scanning Electron Microscopy
Samples were fixed by addition of 2.5% glutaraldehyde in 0.1M sodium
cacodylate buffer dropwise directly into the petri dishes containing the samples in cell
growth medium for 15 minutes. After the 15 minutes, the medium/glutaraldehyde
mixture was replaced with 2.5% glutaraldehyde in 0.1M sodium cacodylate buffer and
allowed to sit for 2 hrs at room temperature. This was then followed by 2x10 min washes
with sodium cacodylate buffer. Samples were then immersed in 1% osmium tetroxide for
1 hr followed on ice followed by 2x10 min washes in sodium cacodylate buffer. Samples
were then dehydrated by a series of 1x10 min washes in 10%, 30%, 50%, 70%, 90%, and
100% ethanol. Samples were allowed to air dry before sputtering with gold/palladium
and imaged with Nova NanoSEM 650 Field Emission Scanning Electron Microscope
(FEI Co.).
4.8 Electrical stimulation of PC 12 cells
4.8.1 In vitro Device Preparation
The device consists of either a 8x5mm PCSA or a TCPS substrate with two
copper plates with dimensions 15x8x0.5mm glued (silicone glue mentioned previously)
on either side such that the copper pieces are 8mm apart. Two wires are adhered to each
of the copper plates with either a conductive carbon paste. This was then placed in a mold
followed by submersion in Sylgard 184 (Dow Corning) such that the wires stick out of
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the Sylgard 184. Once cured, the mold was removed exposing the surface of the PCSA
base and completely insulating the copper plates. Excess Sylgard 184 was cut away and
the device was adhered to the bottom of a petri dish with a silicone adhesive. The silicone
adhesive was allowed to cure for 24 hrs before use. A 5x5mm section of the PCSA or
TCPS substrate was then coated with an ECM protein prior to the addition of cells.
4.8.2 Electrical stimulation of PC12 cells
Primed PC12 cells were plated on the TCPS and PCSA electrical devices
(thoroughly described in Chapter 3 and broken down as a graphic in Figure 2a) at a
density of 1-1.5x104 cells/cm2 in the presence of 50ng/ml NGF. The cells were allowed to
sit in an incubator for 1 hr before the electrical samples were connected to a 15, 30, or
60V voltage source; this was done to avoid any potential complications electrical
stimulation might cause on cell adhesion. Figure 2b shows how the voltage source is
connected to the in-vitro device. The wires are then fed through the door of the incubator
and the cells are allowed to sit for 24hrs under electric field stimulation. Cells plated on a
TCPS device and PCSA device with no potential source served as a control. After 24hrs
the samples were then fixed for scanning electron microscopy as described earlier for
analysis.
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Figure 2. Electrical studies set-up. (a) Illustration showing the electrical device setup
with the inset showing cells on a collagen coated PCSA sample. (b) Voltage Source
connected to an electrical device with the inset showing a close up of an electrical
device containing a TCPS sample.

4.9 Neurite Length and Angle Measurements
Neurite lengths and angles were obtained using ImageJ software. The scale bar
from the scanning electron microscope was used to calibrate the measurement tools for
length measurement. Angles were measured by using the straight line tool to overlay a
“line of best fit” on each neurite. If neurites contained branches, the length and angle
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were based off of the longest branch. Neurites were considered to be 2 cell soma lengths
or greater (14 µm) (Ignatius, Chandler, & Shooter, 1985). Figure 3 shows the overlay
produced from ImageJ while measuring the neurites.

Figure 3. Neurite length and angle measurements. ImageJ overlay
showing how neurite length and angle measurements are acquired.
Yellow lines represent measurement of the neurite lengths. Red “line of
best fit” used to measure neurite angle with respect to an imaginary
reference angle shown by the red dashed line.

Neurite length and angle data was then analyzed by vector summing the x and y
components
𝑁

1
𝑥 = ∑ 𝐿𝑖 cos 𝜃𝑖
𝑁
𝑖=1

𝑁

1
𝑦 = ∑ 𝐿𝑖 sin 𝜃𝑖
𝑁
𝑖=1

where the anode corresponds to 270° (a negative y value) and the cathode corresponds to
90° (a positive y value). The positive x-axis is 0°. Figure 4 gives a visual representation
of the coordinate system used.
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Figure 4. Electrode orientation. Visual representation of
standard polar coordinate system. For our experiments, the
anode was located at an angle of 270° and the cathode at an
angle of 90°.

Error analysis.
Error bars were generated from taking the standard error of the mean over all
neurites from each respective experiment.
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Chapter 5. Results
5.1 Aerogel as a substrate for nerve adhesion and proliferation
5.1.1 Adhesion and growth of PC12 cells on aerogels
We were able to successfully culture and image PC12-C41, and, PC12 ATCC
cells on Sylgard 184, polyurea crosslinked silica aerogel (PCSA), and tissue culture
polystyrene (TCPS) substrates. Figure 1 shows examples of actin and nucleus stained
confocal microscope images of PC12-C41 cells on Matrigel-coated Sylgard 184, aerogel,
and TCPS at various magnifications. Extensive neurite outgrowth and connectivity can be
observed for all substrates. Figures 1a and b show the adhesion and extension of
processes on the smooth nonporous surface of Sylgard 184, collected from various
locations of the substrate. Figures 1c and d show the behavior of PC12-C41 cells on
aerogel substrates, collected from various locations also. In the case of aerogels, due to
the 3-D nature on the surface, cell adhesion and proliferation occurred on multiple planes
as indicated by the white arrows which show cell clusters on other focal planes. At the
time of image capture, the intensity was increased substantially before capturing images
so that the neurites and extensions become more visible during image capturing, hence,
the images appear saturated. The behavior of PC12-C41 cells on TCPS (control) is
shown in Figures 1e and 1f for comparison. Regardless of the substrate morphology and
topography, PC12-C41 cells consistently formed large clusters on all 3 substrates (TCPS,
PCSA, and Sylgard 184) (discussed further below) and consequently made neurite length
calculations complicated. Rat tail collagen pre-coated cover-slips (Becton Dickinson)
were also tested during the early stages of this study; however, they did not provide
adequate protein density for PC12 adhesion and extension of processes. Matrigel (Dow
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Corning) was chosen for its mix of extracellular matrix (ECM) proteins that better
mimics conditions in vivo (Kam et al., 2008).

Figure 1. Adhesion of PC12-C41. PC12-C41 on Sylgard 184 (a) and (b),
PCSA (c) and (d), and TCPS (e) and (f). Green and red represent actin
stained with phalloidin conjugated with Alexa Fluor 488 and 546,
respectively. Blue represents nuclei stained with DAPI.
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A Matrigel layer proved to be necessary for the adhesion and proliferation of cells
on all substrates, as evidenced by the SEM images shown in Figure 2. Figure 2a shows
the boundary between Matrigel-coated and uncoated areas (white dotted line) on a
Sylgard 184 substrate where the adhesion and proliferation of cells only occur on the
Matrigel-coated region. In Figure 2b a closer view of neurites on the Matrigel-coated
Sylgard 184 is shown and the white arrows indicate breaks in the extensions as a result of
fixing and handling protocols for SEM imaging. Similarly, without the Matrigel layer, no
cells adhered to the aerogel substrate, as evidenced by Figure 2c. Similar behavior was
observed on plastic substrates (images not shown). These results are consistent with
previous findings with dorsal root ganglia cells cultured on aerogels (Sabri et al., 2011;
Sabri et al., 2012) where an adhesion layer was found to be necessary for adhesion and
proliferation of cells on aerogel substrates. At the scale imaged here, the aerogel pores are
not distinguishable.

Figure 2. Need for an extracellular matrix. (a) PC12 –C41 binding to Matrigel coated Sylgard
184 but not bare Sylgard 184. (b) Breakage of neurites on Matrigel coated Sylgard 184. (c)
Attempt to grow PC12-C41 cells on uncoated PCSA.

5.1.2 ATCC versus PC12-C41 cells
In the case of the PC12-C41 cells, it was observed that only a low percentage of
PC12-C41 would grow neurites. Additionally, the cells that did grow extensions did so
sluggishly. By the time this low percentage of PC12-C41 grew extensions long enough to
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consider, most cells began to form large clusters. The majority of the PC12-C41 cells
would not extend neurites at all, and if anything, seemed to respond to NGF by increasing
their rate of proliferation. Side by side comparison of PC12-C41 with PC12 from ATCC
showed that after exposure to NGF, PC12 differentiated much more rapidly and produced
much longer neurites than PC12-C41. In addition, a much higher percentage of PC12
differentiated than PC12-C41. In Figure 3 we have compared the average neurite length
per cluster area of the PC12-C41 cells (3a and 3c), with the ATCC cells (3b and 3d), for
two different substrates. As evidenced by the confocal microscope images of Figure 1, it
soon became obvious that the PC12-C41 cells were prone to forming abnormally large
clusters that contradicted expectations and published literature, on both aerogel and TCPS
substrates, while the PC12 ATCC cells, formed smaller clusters and subsequently,
extended longer neurites on both substrates. For these reasons, we switched to PC12 cells
from ATCC for the remainder of the study in order to understand the effect of the
substrates on neuron behavior.
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Figure 3. Neurite length per cluster area. Neurite length versus cluster area for PC12-C41
on (a) TCPS and (c) PCSA and for PC12 on (b) TCPS and (d) PCSA. PC12-C41 TCPS
N=189, PCSA N=201; PC12 TCPS N=47, PCSA N=32.

5.1.3 Matrigel and collagen distribution on aerogel: Figure 4 shows the
distribution of Matrigel on aerogel substrates and details of its texture. Figure 4a was
taken at the edge of the Matrigel coating, where it had begun to peel away from the
substrate as a result of the fixing process. The dense fibrous “weave” can be seen and the
thickness of the Matrigel is estimated to be of the order of 2-4 µm, gathered from the
SEM images. Figure 4b shows a higher magnification image of the Matrigel texture.
Figures 4c and 4d demonstrate the surface roughness of the Matrigel that appears to be
conforming to the 3-D structure of the surface of the aerogel underneath.
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Figure 4. Matrigel on aerogel substrates. SEM images of Matrigel deposited on PCSA and
prepped for SEM imaging. (a) Arrows indicate the Matrigel layer peeling away from the aerogel
substrate, at the edge of the substrate. The thickness of the Matrigel layer estimated to be 2-3
µm. (b) Dense fibrous weaves of Matrigel observed on the PCSA substrate. (c) and (d)
PC12+Matrigel+PCSA showing the texture and morphology at the nerve substrate interface.

SEM images of collagen-coated aerogels are shown in Figure 5. Figure 6a shows
a continuous and dense collagen layer that does not show a fibrous structure. Figure 5b
shows a higher magnification of the region in Figure 5a and a 3-D topography can be
seen. It is believed that this topography is influenced by the aerogel substrate underneath.
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Figure 5. Collagen on aerogel. SEM images of
collagen deposited on an aerogel substrate showing
a continuous layer of coating (a) that still appears to
have the surface topography of the aerogel surface
underneath intact (b).

The distribution and texture of Matrigel and collagen on TCPS was also
investigated and imaged by means of scanning electron microscopy. Figure 6 shows the
distribution of Matrigel (6a and 6b) and collagen (6c and 6d) on TCPS and while the
texture appears to be similar to that observed on aerogels, it is planar in comparison.
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Figure 6. Collagen and Matrigel on TCPS. Matrigel coating on TCPS shows a
continuous but planar layer as shown in (a) and (c) with a dense network of fibers.
Collagen coating on TCPS also appears continuous and somewhat planar, (b) and (d),
but with a more granular structure than Matrigel

5.1.4 Effect of aerogel substrate on PC12 behavior
No noticeable difference of the cell morphology and cell shape was observed on
the different substrates. The average neurite length on PCSA was longer than the average
neurite length on TCPS, for both PC12-C41 and PC12 cells (Figure 7a and 7c). The
number of neurites per cluster however was lower on PCSA than on TCPS, again for both
PC12 types as shown in Figures 7b and 7d; therefore, aerogel supported extension of
longer neurites, and, a fewer number of extensions compared the TCPS control. Similar
results were observed by Blumenthal et al (Blumenthal et al., 2014) where surface
nanoroughness clearly modulated PC12 response. Cells and neurites grown on Sylgard
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184 consistently broke more than the other substrates which made data collection was
impossible. Therefore, Sylgard 184 was excluded from the study.

Figure 7. PC12-C41 and PC12 behavior on PCSA and TCPS. (a) Average neurite
length of PC12-C41 cells grown on tissue culture plastic and silica aerogel. Number of
neurites counted per substrate: TCPS N=517, PCSA N=488. (b) Average number of
neurites per cluster of PC12-C41 on tissue culture plastic and silica aerogel. Number of
clusters counted: TCPS N=191, PCSA N=203. (c) Average neurite length of PC12 cells
grown on tissue culture plastic and silica aerogel. Number of neurites counted per substrate:
TCPS N=91, PCSA N=57. (d) Average number of neurites per cluster of PC12 on tissue
culture plastic and silica aerogel. Number of clusters counted: TCPS N=47, PCSA N=32.

5.1.5 Mechanical properties of aerogel due to cell culture conditions
Compression studies performed at a rate of 0.5 mm/min on the control (not
submerged in cell culture medium) and incubated aerogel samples showed a change in
the surface stiffness up to a depth of 0.35 mm, after sterilization and incubation in cell
culture medium, as shown in Figure 8. Exposure to UV followed by incubation in cell
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culture medium lead to a “softening” of the outer-most regions and surfaces of the
aerogels, to a depth of 0.3 mm. At depths beyond 0.3mm the substrate stiffness was not
affected by the culture medium and sterilization protocol, since the compression behavior
compares well with the control aerogel behavior. It is therefore assumed that the surface
that the cells are in contact with and are responding to, in culture, is less stiff than dry
PCSA. This point is further discussed in Chapter 7.

Figure 8. Effect on cell culture conditions on stiffness of
PCSA. PCSA exposed to cell culture conditions for 24 hrs
softened on the exterior but regained normal stiffness in the
bulk.

5.2 Electrical Studies
Here, results associated with the influence of applied DC electric field of varying
strengths on the length, and directionality of neurites is presented.
5.2.1 Effect of applied DC bias on neurite length
Neurite lengths and angles were analyzed in several ways. First, analysis of
neurite lengths showed all neurites growing in an electric field were longer than the
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control group regardless of its orientation to the field in both the 30V treatment (Figure
9a) and the 60V treatment (Figure 9b) with respect to their individual control groups.
Figures 9c and 9d show the fold change in neurite length of the 15, 30, and 60V samples
with respect to their control samples. Technical difficulties with SEM fixing steps
occurred with the 15V PCSA samples therefore could not be included here. The TCPS
shows a voltage dependent increase in neurite length where the PCSA exhibited less of a
voltage dependency.

Figure 9. Effect of electric field stimulation on PC12 neurite length. Average neurite
length of PC12 grown on TCPS and PCSA in the presence and absence of (a) 30V and
(b) 60V potentials. (c and d) Fold change in neurite length for TCPS and PCSA
compared to respective control groups. TCPS 0V N=249, 30V N=333; PCSA 0V
N=224, 30V N=221. TCPS 0V N=244, 60V N=339; PCSA 0V N=251, 60V N=234.
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5.2.2: Effect of applied DC bias on the direction of growth of extensions
Second, analysis of the neurite lengths versus their respective angles showed that
the lengths of neurites growing toward the anode at 270° were longer on average
compared to those growing towards the cathode at 90° (Figures 10 and 11). This is
consistent with the previous findings from Cork et al (Cork et al., 1994). The
superimposed black semi circles correspond to the average neurite length for the
corresponding 180° bin. Values for the binned average neurite lengths can be found in
Figure 12a.

Figure 10. 30V effects on neurite length and orientation. Red plots represent tissue
culture plastic and PCSA samples exposed to 30V potential. Blue plots represent the
corresponding 0V control. Overlaying black semi-circles represent the average neurite
length in the corresponding 180° interval. Anode located at 270°, cathode located at
90°. N represents the number of neurites counted per experimental group.
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Figure 11. 60V effects on neurite length and orientation. Radial plot showing length
and orientation of neurites. Red plots represent tissue culture plastic and PCSA samples
exposed to 60V potential. Blue plots represent the corresponding 0V control. Overlaying
black semi-circles represent the average neurite length in the corresponding 180° interval.
Anode located at 270°, cathode located at 90°. N represents the number of neurites
counted per experimental group.

Third, the number of neurites growing toward a particular electrode was analyzed
by designating each electrode 180° segments. The cathode (at 90°) was designated 0-180°
while the anode (at 270°) was designated 180-360°. The reference angle (0°) was defined
to be the positive x-axis of a Cartesian coordinate plane. The neurite angles were grouped
by their respective electrode and counted. 15V data was not included due to technical
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difficulties. Figure 11b shows that more neurites seem to be growing toward the anode;
however, values are erratic and further studies are needed for conclusive evidence.

Figure 12. Neurite length and density in 180° bins. (a) Average neurite
length for neurites growing towards the cathode (0-180°) and towards the anode
(180-360°) separately. (b) Number of neurites counted in the same 180°
intervals.

Finally, the neurites were summed as vectors with the length corresponding to the
magnitude and the measured angle corresponding to the direction. Figure 13 shows the
resultant vectors for the (a) 30V and (b) 60V treatment groups indicating a bias for one
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elctrode or another. In both treatments, the electrical groups on both TCPS and PCSA are
biased towards the anode with the control groups not showing any strong bias.

Figure 13. Bias by vector summation of neurites. Vector plots showing resultant vectors
indicating bias from the (a) 30V and (b) 60V electrical groups. The anode is orientated at the
bottom on the figure along the negative y-axis and the cathode is along the postive y-axis.

5.3: Biocompatibility of silicone adhesive
For most experiments, Permatex 80050 silicone adhesive is used to attach
substrates to the bottom of petri dishes. To test the biocompatibility of the adhesive, a
glass coverslip containing a bead of cured adhesive was placed in culture with PC12-C41
on Matrigel in the presence of NGF and observed via a Nikon TS100 Eclipse phase
contrast microscope for 2 wks. Cell behavior did not appear to be adversely affected
during this time (Figure 14).
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Figure 14. Biocompatibility of adhesive. PC12-C41 clusters
growing on Matrigel in the presence of silicone adhesive. Arrow
shows the edge of a glass coverslip containing a bead of adhesive.
Scale bar is 50 µm.
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Chapter 6. COMSOL Model of In-vitro Device
Direct measurement of the actual potential difference across the region where the
cells were present was not technically possible but of great interest. Therefore, the
electric field that the cells were exposed to was estimated by means of COMSOL (layout
shown in Figure 1). Once the geometry of the device was completed, the mesh was built.
Each component was then assigned a material, giving each component their respective
material properties. For this study, the relative permittivity, commonly denoted as 𝜀𝑟 for
Sylgard 184 was given as 2.75 (Shivapooja et al., 2013). The cell culture medium was
given a relative permittivity of 75 based on the ionic strength of the medium (Thompson
et al., 2012) and published literature on the effect of salinity on the relative permittivity
of water (Gavish & Promislow, 2012).

Figure 1. Layout of COMSOL. Screenshot of COMSOL Multiphysics 4.4.
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6.1 Electric field strength
Once the material properties were set, a time independent study was done and
electric field values were computed. Figure 2a shows the electric field distribution across
the device. Figure 2b shows the corresponding electrical device from a similar
prospective. Table 1 shows the electric field values at the center of the electrical device
with a 15, 30, and 60V potential difference between the copper electrodes at the position
depicted by the “X” in Figure 2.

Figure 2. Computed electric field distribution. (a) Cross sectional view of the electric vector
field generated within and out of the in-vitro electrical device with an applied 15V potential
difference between electrodes. Electric field vectors are shown on a logarithmic scale for
clarity. (b) Actual device from similar prospective.
Table 1. Electric field intensity at various potentials. Electric field values at the
center of the electrical device where the cells would grow with a 15, 30, and 60V
potential difference between the copper electrodes.

Applied Potential (V)

Electric Field (V/m)

15

261.40

30

522.79

60

1045.58

In order to gauge how accurate the values in Table 1 were, the relative
permittivity of each material was set to that of free space (shown in Figure 3), commonly
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denoted as 𝜀0 . In the context of electrostatics, this essentially removed the Sylgard 184
encapsulant from the model. Because the system resembles that of a parallel plate
capacitor without the Sylgard 184 encapsulant, it was expected to see calculated values
for the electric field close to that of an ideal parallel plate capacitor. Measuring the EF
strength of the 15V potential at the center of the device yields a value 1932.3 V/m which
is 96.6% that value of 2000 V/m that one gets from the equation of an ideal parallel plate
capacitor E=V/d with a corresponding distance between the plates of 7.5mm (distance
from plate surface to plate surface). It should be noted that the value does not exactly
match because the system is not an ideal parallel plate capacitor with infinitely long
plates.

Figure 3. Parallel plate capacitor. Picture from COMSOL of the same 15V
electrical device shown in Figure 2, but with 𝜀𝑟 for all materials manually set to
1 corresponding to free space. “X” denotes the point at which the measurement
was made.
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6.2 Equations used
COMSOL operates by inputting given parameters to relevant equations applying
to the system. The equations used by COMSOL for the time independent study include
𝐸 = −∇𝑉
𝛻 ∙ 𝐷 = 𝜌𝑓 .
The first equation describes the electric field as the negative gradient of the potential. The
second equates the divergence of the displacement field with the free charge density.
6.3 Variation of the field
In addition to the strength of the electric field, the variation of the field 5µm off
the surface was measured in various locations shown in Figure 4. The data suggests that
the cells near the electrodes (points b and d) are exposed to a 1.2 fold stronger electric
field as compared to the cells at the center (point c). The points within the Sylgard 184 (a
and e) are of no concern because no cells would be located in these locations; however,
they show how the electric field is affected by dielectric properties of the Sylgard 184.
The dielectric strength of the Sylgard 184 encapsulant is reported by the manufacturer to
be 500 V/mil (19.7 MV/m or 1.97 x 107 V/m). The voltages achieved through the
encapsulant is >1% needed for dielectric breakdown.
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Figure 4. Varying electric field by location. Evaluation of the electric field at
various locations in a potential difference of 15V.

6.4 Limitations of COMSOL
Although COMSOL is a great tool for approximating systems, it has its
limitations. One major approximation made for these simulations is that COMSOL is
treating the liquid medium as if it were a solid with dielectric properties of the medium;
that is, as if the water molecules, ions, and proteins are not able to freely move about the
petri dish. This could cause small fluctuations of the electric field over time. However,
we assumed that electrophoresis of ions was small and therefore negligible (argument
made in Chapter Seven). Aerogel was also modeled as a solid block with a similar
dielectric constant to that of PCSA rather than the complex, porous nature of aerogel.
Therefore, the more complex geometries of materials could not be considered. However,
we expected this to introduce a negligible amount of error in the calculations.
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Chapter 7. Discussion and Conclusion
7.1 Surface topography
Surface topography has been shown to affect cellular behavior in many ways,
which is dependent on cell type. Because a new surface was being tested, it was
necessary to know how the extracellular matrices used for this study distributed
themselves on the aerogel surface. Figures 4, 5, and 6 in Chapter 5 show the distribution
of both Matrigel and collagen on TCPS and PCSA. Matrigel appeared more textured than
collagen on both PCSA and TCPS while both Matrigel and collagen appeared more
textured on PCSA than on TCPS. This attributed to the surface roughness inherent to
aerogels. Matrigel is a combination of several ECM proteins including (by decreasing
concentration) laminin, collagen IV, and entactin which polymerize above 10°C
(Slobodian, Krassioukov-Enns, & Del Bigio, 2007). The suggested protein concentration
for use by the manufacturer (and therefore used for our experiments) was 100 µg/cm2, 20
fold higher than that used for collagen I. The higher protein concentration and
composition explains why Matrigel has a rougher appearance than collagen I. Matrigel is
a mixture of different proteins of varying sizes and morphologies, which creates
nonuniformity of the surface. Combining the natural topographies of PCSA and TCPS
with the ECM used, we can rate the surfaces (substrate+ECM) in terms of roughness:
PCSA+Matrigel being the roughest and TCPS+collagen being the smoothest surface.
However, comparing the behavior of cells across the two surfaces based solely on
roughness would be flawed based on studies reporting differential behavior of cells on
different extracellular matrices (Cooke et al., 2008; Lamoureux et al., 1990).
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Due to the randomness of the formation and growth of the skeletal silica bead
structure during synthesis, which has been described as fractal in nature (Brinker &
Scherer, 2013), surface features of aerogel can be described as random, or stochastic.
Aerogels are mesoporous materials in nature and previous published literature reports a
range of pore diameters 50-300 nm for the formulation used here (Sabri et al., 2012;
Sabri et al., 2013). Therefore, it is reasonable to assume that the surface roughness is on
the same order of magnitude.
7.1.1 Cellular response to surface topography
PCSA was previously used as a substrate on which to culture neurons by Sabri et
al. (2012) (Sabri et al., 2012). In that study, dorsal root ganglia (DRG) were cultured on
laminin coated PCSA discs; however, no investigation of the topological effects on the
cells was made. Our data showed that PC12 and PC12-C41 grown on PCSA substrates
had longer, but fewer neurites when compared to cells grown on TCPS (Figure 7 in
Chapter 5). Similar results were reported by Blumenthal et al. (2014) who showed that
PC12 grown on silica nanoparticles of 32 nm diameter exhibited an increase in average
neurite length but showed a decrease in average neurite density when compared to PC12
grown on glass or nanoparticles of other diameters (Blumenthal et al., 2014). The authors
also reported an increase in acetylcholinesterase levels, and showed evidence that this
change in behavior could be due to the Piezo-1 mechanoreceptor. Altogether, our results
show that the PCSA surface is more conducive for longer PC12 neurite growth which is
of great importance to nerve repair and regeneration studies.
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7.2 Electrical studies
A more effective approach in directing neurite growth is through the use of
electric fields or direct current. Many different neuronal cell types have been tested in the
presence of varying electric field strengths and has been reviewed on occasion (McCaig
& Rajnicek, 1991; Robinson, 1985). Response to electric fields has shown to be cell type
dependent.
7.2.1 PC12 response to DC biased EF
Our data indicated an anodal bias of neurites grown in the presence of 30V and
60V potential with computed electric field strengths of 523V/m and 1046V/m,
respectively. At both field strengths on both TCPS and PCSA substrates all neurites were
longer on average (fold increases varying from 1.11 to 1.29 with increasing voltage) but
neurites orientated towards the anode were longer than those oriented towards the
cathode. No turning behavior was noticed in response to the field parameters investigated
here. A study by Cork et al. (1994) showed similar results with PC12 grown in the
presence of field strengths varying from 0-100V/mm. That study showed an increasing
anodal bias with an increase in applied electric field. Although we saw a similar field
strength dependency of both neurite length and bias on TCPS, our results actually show a
slight decrease in bias and average length from 30V to 60V. Keeping in mind device-todevice variations, this slight dip may be due to inevitable experimental errors and it is
recommended that these tests be repeated for a better accuracy to confirm this.
It was noticed that in some cases, the controls for the electrical devices (Figure 9)
did not perform exactly as the PCSA and TCPS samples that were not electrically
stimulated (Figure 7). This small discrepancy can be explained by the difference in
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culture conditions: the in-vitro 3D device structure made controlling plating density more
difficult. PC12 neurite growth and behavior has been shown to be affected by cell density
(Drubin, Feinstein, Shooter, & Kirschner, 1985). In addition, the device structure made it
more difficult to coat with extracellular matrix (ECM). Some of the collagen used would
seep into the small gap between the Sylgard 184 encapsulant and the PCSA/TCPS by
capillary action possibly altering the collagen density. ECM density has been shown to
affect neurite behavior (L. A. Greene et al., 1987). Additionally, it has been shown
by Łopacińska et al (2013) that PDMS exposure affects the expression 677 genes in PC12
cells (Łopacińska, Emnéus, & Dufva, 2013). Although the group found no difference
in cell morphology by the counting of counting neurites, length measurements were not
conducted and remain to be explored.
7.2.2 Electrophoresis and ion gradients
Ionic gradients were a concern throughout the electrical studies. Strong electric
fields through an electrolytic solution are known to cause electrophoresis, eventually
leading to separation of positive and negative ions. If this were to happen in a cell culture
medium it would mean migration of nutrients and salts that could potentially alter cellular
behavior; thus, should be avoided. Electrophoresis was a concern due to a study by Cao
and Shoichet (2001) where they show that PC12 neurites respond tropically to gradients
of NGF (Cao & Shoichet, 2001). Additionally, NGF concentration gradients are thought
to direct growing nerves in-vivo (Campbell, 2008). Therefore, in order to observe the
effects of PC12 neurite growth due strictly to the electric field, one must ensure that a
NGF concentration gradient does not develop. In this work, it was concluded that an ionic
gradient did not develop due to observations of phenol red, a pH indicator dye contained
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in the cell growth medium. Phenol red contains a net negative charge at physiological
pH; and therefore if ion gradients were occurring, the phenol red would have migrated
towards the anode and would have been noticed visually. As an additional check, cell
growth medium was subjected to 125V (more than double used in experiments) potential
difference using one of the in-vitro cell culture devices for 2 hrs. No noticeable
electrophoresis of the phenol red was observed during this time.
7.3 Comparison of electrical device types
The application of electrodes directly in culture medium of cells produces toxic
byproducts of electrolysis which could either cause cell death or alter experimental
results. Therefore, measures must be taken to isolate the electrodes from the cell culture
environment.
7.3.1 Methods used in literature
Many researchers have made use of agarose salt bridges to connect the cell
culture dish to two separate wells containing the electrodes (Robinson, 1985). This keeps
the cells isolated from the products of electrolysis. An additional benefit to this design is
that relatively small potential differences can be used which poses less risk to the
researcher. Although this method works to effectively create a potential difference, a
couple of concerns arise. The agarose salt bridges used in the aforementioned work can
be thought of as serving a similar purpose to the salt bridges in a galvanic cell. The cell
culture dish in this case can be thought of as an extension of the salt bridge. Therefore,
ionic flow would be established causing sodium and chlorine ions through the cellular
environment in opposing directions (in the case where the salt used is NaCl). An
additional concern of this experimental setup is the complexity and bulk. This design
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usually involves the use of multiple dishes; in order to connect them via salt bridges,
holes will need to be drilled in petri dish lids. Because the salt bridges usually stick up
vertically, extra care must be taken when placing them into an incubator as this design
will use extra space. If using an incubator that is routinely used by other lab mates, this
can be burdensome.
7.3.2 Methods used in this study
It was necessary to isolate the electrodes from the cell growth medium to avoid
byproducts of electrolysis; therefore, an encapsulant was needed for the electrodes.
Sylgard 184 was chosen for its insulating properties, biocompatibility, and versatility.
This method prevented the ionic flow across the cellular environment induced by the use
of agarose bridges, and therefore is one less variable to consider. An additional benefit of
the design adopted for this study is the compactness of the unit; the entire electrical
device fits into a 3.5cm diameter petri dish. Therefore, multiple dishes can be run side by
side while only using a small space, being less of a burden when using a communal
incubator.
Because Sylgard 184 is an electrical insulator with a relative permittivity of
approximately 2.7 at 0.33Hz (Shivapooja et al., 2013), and because the cell growth
medium has a relative permittivity of approximately 75 (McIntosh, McKenzie, Iskra,
Carratelli, & Standaert, 2003) based on the ionic strength of the cell culture medium of
0.15M (Thompson et al., 2012), relatively high potential differences were needed to
achieve electric field strengths close to that used in literature (Tandon et al., 2009). The
use of such high voltages requires extra caution by the researcher during the electrical
stimulation period of the study.
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7.4 Aerogel
In this study, 5 cm diameter aerogel discs were synthesized and then manually cut
using a diamond saw to smaller samples, needed for cell culturing steps, as described in
Chapter Three. This ensured uniformity of the aerogel properties for all the samples
extracted from one disc. However, the cutting action introduced defects (e.g. micro
cracks) in the perimeter of each aerogel sample near the surfaces of our aerogel samples
during processing. It is believed that these defects have contributed to a change in the
mechanical and optical properties of the aerogel substrates used here. Figure 1a shows a
transparent region developed around the perimeter of the aerogel coupon after immersion
in an aqueous bath for several days while the central region (red dashed outline in Figure
1) remains translucent, an indicator of aerogel characteristics . The defects lead to a slight
warping around the perimeter that may have caused tension throughout the aerogel which
in turn may lead to slight warping (Aegerter et al., 2011). This warping adversely
affected our immunofluorescence studies (Figure 1b) and was one of the main reasons we
sought alternative imaging methods for data collection. The compression tests (Figure 8
in Chapter Five) performed on the region that is within the red dotted line in Figure 1
confirmed that the central region has retained its original properties, with a slight change
to is compression behavior, up to a depth of 0.35 mm.

79

Figure 1. Warping of aerogel. (a) Warped PCSA after submerged in growth medium for 1
day. Red dashed line highlights the boundary between effected and unaffected aerogel
showing the extent of water uptake. (b) Focal plane gradient of PC12 on PCSA caused by
warping of the PCSA surface.

7.5 Conclusion and summary
This work has demonstrated that polyurea crosslinked silica aerogel surface is
supportive of the growth of longer but fewer PC12 neurites in-vitro. This work also
demonstrated that electrical stimulation can be applied to even further increase neurite
growth rate on PCSA as well as on TCPS. In the context of utilization of PCSA as a
scaffold for a peripheral nerve repair device, longer neurites are significant because it
means faster growth rates and potentially reduced functional recovery time. We have also
shown that it is feasible to use PCSA as a substrate on which to build circuitry to further
increase nerve growth rate and possibly direct growth.
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Chapter 8. Future Works
8.1 3D printed electrical devices
Hand crafting an in-vitro device for each experimental sample was not only time
consuming but also introduced experimental error due to inevitable variations from
device to device. For future works it is recommended to take advantage of 3-D printing
technology in order to create more uniform and precise devices. A 3-D model was
created towards the end of this study, built in SketchUp Pro (Trimble, Ltd, CA) as shown
in Figures 1a (top) and 1b (bottom) and printed as shown in Figure 1c. Figure 1d shows
electrodes placed in the 3-D printed housing as well as a hand crafted device for
comparison.

Figure 1. 3D printed in-vitro device. (a) Top and (b) bottom view of the in-vitro
device model built using SketchUp Pro. Arrow indicates where samples are placed.
(c) Actual printed housings. Dashed line indicates where samples sit. Scale bar is 1
cm. (d) Electrodes placed in 3-D device next to a handcrafted device for comparison.
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8.2 Electrical device re-design
While in this study, a new device was created for each substrate, if the design is
modified slightly, a new device would not have to be created for each experimental
substrate. This would reduce errors associated with device variations, and, reduce
fabrication time substantially allowing for rapid succession of experiments. Figure 2
shows the proposed design for future works. Instead of building the structure around the
sample of interest, it is suggested that the electrodes be built into a removable petri dish
lid. When ready to fix the cells for data collection, the lid could simply be removed and
later reused with a new petri bottom containing a fresh sample with cells.

Figure 2. Future electrical device design. Potential future electrical device
which features electrodes attached to a removable petri dish lid.
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8.3 Real time analysis of cellular components in the presence of electric field
Using the current or future electrical design, cytoskeletal components and
possibly specific membrane receptors could be tagged with green fluorescent protein
(GFP) and viewed live via fluorescence microscopy while an electric field is applied in
real time across the cells.
8.4 Time specific application of electric fields
In this study electric fields were applied 1 hr after cells had been plated, and,
maintained for 24 consecutive hours. Due to time constraints, it was not possible to
investigate the effect of the applied DC bias as a function of time elapsed post plating
stage, or, to investigate the effect of the time that the DC bias was applied. It is
understood from literature that not only does the magnitude of the applied electric field
influence the behavior of the neurons, but, so does the time point at which the bias is
applied, as well as the length of time that the neurons are exposed to the applied electric
field. It is recommended for future work to thoroughly investigate longer field exposure
times, and, also, to allow for neurite extensions to develop further before applying the DC
bias. This will allow us to develop a better understanding of the neuronal behavior.
8.5 Revisit immunofluorescence
Immunofluorescence was abandoned in favor of scanning electron microscopy
(SEM) due to excessive neurite breakage as well as variations in the focal plane of the
aerogel

which

makes

confocal

microscopy

an

arduous

task.

However,

immunofluorescence offers a different perspective not attainable with only SEM. It was
noticed through the course of this study that neurites seem to be digging into the
extracellular matrices used. We may be able to stain for both the ECM and cytoskeleton
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to examine the neurite behavior under the surface of the ECM to better understand the
cell-surface interaction.
8.6 Alternating current
While the focus of this work was to investigate the influence of the DC bias, for
in vivo applications of smart aerogel implants AC technology would be more suitable and
therefore would be of interest for future experiments. Alternating current has been
studied extensively with many cells types (Graves, Hassell, Beier, Albors, & Irazoqui,
2011). However, cells grown on a stochastically random surface roughness, such as
PCSA, grown in the presence of an AC biased EF has yet to be investigated. As shown in
many sources of literature, response to surface topography (Curtis & Wilkinson, 1997)
and electric fields is cell type dependent (Robinson, 1985) and therefore, of interest to the
applications of aerogels in the biomedical and biophysical fields of study.
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